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We present piezoresistance measurements in modulation doped AlAs quantum wells where the
two-dimensional electron system occupies two conduction band valleys with elliptical Fermi contours.
Our data demonstrate that, at low temperatures, the strain gauge factor (the fractional change in
resistance divided by the sample’s fractional length change) in this system exceeds 10,000. Moreover,
in the presence of a moderate magnetic field perpendicular to the plane of the two-dimensional
system, gauge factors up to 56,000 can be achieved. The piezoresistance data can be explained
qualitatively by a simple model that takes into account intervalley charge transfer.
The piezoresistance effect [1] – the change of a de-
vice’s electrical resistance as a function of applied stress
– is of great technological interest. It is used to make
force, displacement, and pressure sensors [2] that are
ubiquitous in various industries. Even the semiconduc-
tor industry is using the piezoresistance effect to im-
prove the performance of field-effect transistors [3]. Re-
cently, piezoresistivity has found use in measuring sub-
nanometer (∼0.01nm) displacements of tips in atomic
force microscopes [4, 5]. With the advancements in sci-
ence and technology of materials and devices whose size
approaches the atomic scale, the interest in sensors that
can detect ultra-small forces and distances is likely to
grow even higher. Piezoresistance is also useful as a probe
of the electronic properties of materials.
There are two main sources of the piezoresistance of a
strain gauge. First, applied stress changes the resistance
of the gauge by altering the length and the cross sectional
area of the gauge. This geometrical distortion is the pri-
mary source of piezoresistance in metallic films. The sen-
sor’s gauge factor, defined as the fractional change in the
film’s resistance divided by the fractional change in its
length, is determined primarily by the solid’s Poisson ra-
tio, and is typically about 2. Second, stress can mod-
ify the electronic structure of a solid and lead to large
changes in its resistivity. This change can be particularly
significant in indirect band gap semiconductors such as Si
and Ge (and AlAs), where the conduction electrons oc-
cupy multiple minima (valleys) in the conduction band.
In this case, uniaxial or shear stress breaks the symme-
try of the band structure, lifts the degeneracy of the val-
ley energies, and causes an intervalley charge transfer.
Since the valleys often have anisotropic effective masses,
such a transfer leads to significant changes in electron
mobility, and therefore resistance, along certain crystal-
lographic directions of the solid. This phenomenon is
well-known for bulk Si and Ge [6, 7] as well as for two-
dimensional electron systems (2DESs) in Si-MOSFETs
[8] where gauge factors as large as ∼ 1, 500 have been ob-
served. Here we report a giant low-temperature piezore-
sistance effect, characterized by gauge factors exceeding
10,000, for 2DESs confined to modulation-doped AlAs
quantum wells. Moreover, we show that even much larger
gauge factors can be achieved if the sample is placed in
a moderate, perpendicular magnetic field.
AlAs is an indirect gap semiconductor with
conduction-band valleys at the Brillouin zone X-
points. Its constant energy surface consists of three
highly anisotropic ellipsoids (six half-ellipsoids) with lon-
gitudinal (ml) and transverse (mt) effective masses ≃ 1.0
and 0.2 (in units of free electron mass), respectively. We
designate these valleys by the direction of their major
axes, which point along the <100> directions. In AlAs
quantum wells wider than ∼ 5 nm grown on GaAs (001)
substrates, because of the GaAs-AlAs lattice mismatch
strain, only the two valleys with their major axes lying
in the plane of the 2DES are occupied [9]. While in the
absence of an external stress these valleys are energy
degenerate, a compression along either [100] or [010]
breaks this degeneracy and causes a redistribution
of electrons between the valleys. Although the band
structure of Si and AlAs are similar, the valleys in Si are
centered around the six ∆-line points that are away from
the Brillouin zone edge. As a result, there are six valleys
in Si, two valleys along each of the <100> directions. An
additional difference is that, in the absence of applied
stress, in (001) Si-MOSFETs two out-of-plane valleys
are occupied, while in a wide (001) AlAs quantum well
the 2D electrons occupy two in-plane valleys.
Our samples contain 2D electrons confined to an 11
nm-wide, AlAs quantum well grown on a GaAs (001)
substrate by molecular beam epitaxy [10]. The quantum
well is flanked by Al0.4Ga0.6As barrier layers and is mod-
ulation doped with Si. Using a metal electrode (gate) de-
posited on the top surface, we can vary the 2DES density
n, between 2.85 × 1015 and 7.25 × 1015 m−2. To assure
a uniform strain in the 2D layer, the substrate thickness
is kept below 250 µm. The resistance is measured using
a lock-in amplifier at 0.3 K on an etched Hall bar mesa
aligned with the [100] crystal direction. Piezoresistance
measurements were performed on three samples. Here
we concentrate on the data from one sample, with other
samples corroborating the results.
We strain the sample by gluing it to a commercial
piezoelectric stack (piezo) with the [100] crystal direc-
tion aligned to the poling direction of the piezo [11]. To
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FIG. 1: Resistivity of an AlAs 2DES along the [100] direction
vs. strain for various densities as indicated. Compression
along [100] results in a transfer of the electrons from the [010]
valley to the [100] valley. Since the electron mobility along
[100] is smaller for the [100] valley, the resistivity of the sys-
tem increases with increasing compression. The valleys are
equally occupied at zero strain (right dotted line), while the
left dotted line indicates the strain at which the [010] val-
ley depopulates. Maximum strain gauge factor is 11, 700 for
n = 2.85 × 1015 m−2. The sample is already strained at zero
piezo bias because of the anisotropic deformation of the piezo
stack during the cooling.
shield the 2DES from the electric fields in the stack, we
evaporated a 120 nm thick Ti/Au gate on the back of
the sample’s substrate and kept it under constant bias
throughout the measurements. Under a positive bias ap-
plied to the piezo, its surface expands along the poling di-
rection and shrinks in the perpendicular direction. This
deformation is transmitted to the sample through the
glue. Using a calibrated, metal strain gauge glued to
the piezo’s opposite side, we monitor the applied strain
with a relative accuracy of 5%. Via this technique, we
can vary the shear strain ǫ (difference in the fractional
change of length along the [100] and [010] directions) by
4.7 × 10−4. Since the negative of the ratio of the lat-
eral to the longitudinal deformation of the piezo is 0.38
[11], close to the Poisson ratio of AlAs (r = 0.32), the
resulting sample stress is almost uniaxial; tensile stresses
along [100] and [010] are equal to 73ǫ and 8.3ǫ (in GPa),
respectively. All other stress tensor components are zero.
We show the results of our longitudinal piezoresistance
measurements in Fig. 1. Each trace corresponds to the
resistivity ρ along [100] at a constant 2DES density, with
the piezo bias swept from -300V to 300V. As the sample
is compressed along the [100] direction, the resistivity of
the sample first increases with increasing magnitude of
strain, and then saturates. This behavior of the resis-
tivity is consistent with the transfer of electrons out of
the [010] valley (with smaller effective mass along [100])
and into the [100] valley (with larger effective mass along
[100]). The transfer of charges is corroborated by the
change of the frequency composition of the Shubnikov
de Haas oscillations. Using these oscillations, we deter-
mine and mark two strains for each ρ trace; right dotted
line indicates the (zero) strain at which both valleys are
equally occupied, while the left dotted line indicates the
strain at which the [010] valley depopulates.
Since the resistivity in our sample is a nonlinear func-
tion of strain, to quantify the piezoresistance we con-
centrate on the differential gauge factor k = (1 +
r)(dρ/ρ)/(dǫ). The maximum k value varies between
11,700 and 6,200 for the density range n = (2.85−7.25)×
1015 m−2. A quantitative fit of the entire piezoresistiv-
ity curve requires a detailed knowledge of both interval-
ley and intravalley scattering mechanisms [12]. However,
we can understand the major features of this curve us-
ing a simple model in which we assume that the elec-
tron scattering lifetimes in the two valleys are equal,
isotropic, and independent of the electron concentration
in either valley, and ignore intervalley scattering. We
also use E2 = 5.8 eV for the electron shear deformation
potential of AlAs [13]. This model predicts that for a
strain of nπh¯2/E2
√
mlmt, which transfers all the elec-
trons into a single valley, the resistance increase should
be 0.5(1 + ml/mt). For n = (2.85 − 4.85) × 1015 m−2,
the predicted strain, (2.6− 4.3)× 10−4, and the factor of
≃ 3 increase in resistance are consistent with the experi-
mentally observed values.
Our maximum strain gauge factor (k=11,700 for n =
2.85×1015 m−2 is about 8 times larger than previously re-
ported in (001) Si-MOSFETs [8], although the deforma-
tion potential of Si (8.2 eV) and AlAs are close as are the
electron effective masses. A factor of two of this increase
can be attributed to the higher density (n = 1.1 × 1016
m−2) of the Si samples that were studied [8] and to the
band structure differences between Si and AlAs. We do
not know what causes the remaining difference, but spec-
ulate that it is the result of the non-monotonic strain
dependence of the resistance caused by the strong inter-
valley scattering in Si samples [14].
In the presence of a moderate magnetic field B per-
pendicular to the AlAs 2DES plane, the piezoresistivity
increases dramatically, with observed strain gauge factors
as large as 56,000 [see Fig. 2(a)]. This giant piezoresis-
tance effect results from the change of the 2DES density
of states (DOS) in B. With a finite B, the orbital motion
of electrons becomes quantized; the DOS [shown in Fig.
2(b)] is no longer a constant function of energy, and in-
stead has non-zero values only at energies of the Landau
levels. If the magnitude of B is such that an integer num-
ber of Landau levels are filled (integer filling factor ν), the
system’s Fermi energy EF falls in an energy gap (DOS
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FIG. 2: (a) Piezoresitivity of the AlAs 2DES in the presence of
a 3T perpendicular magnetic field (Landau level filling factor
ν = 6). Resistivity of the sample oscillates as the Landau
levels cross, closing and opening up the gap at the Fermi
energy. Gauge factor in the boxed region is ∼56,000. (b)
Schematic DOS diagram for the AlAs 2DES in the presence
of magnetic field. Electron energies are restricted to a discrete
set of Landau levels whose energy separation is controlled by
the cyclotron energy Ec, Zeeman splitting EZ between the
oppositely polarized spins, and the valley splitting ∆Ev.
gap). This gap inhibits electron scattering at low tem-
peratures, leading to a smaller 2DES resistivity. With
applied stress, the Landau levels corresponding to differ-
ent valleys cross, causing the gap to close and the 2DES
resistivity to increase. Since the resistivity depends ex-
ponentially on the size of the energy gap, its change can
be much larger than the effective mass anisotropy. The
gap at EF vanishes when ∆Ev is equal to the cyclotron
energy (Ec) of the system. Since Ec < EF (for a large
range of B), the Landau level crossings occur at strains
smaller than required to depopulate the [010] valley. The
greater change in resistivity over a smaller strain change
results in strain gauge factors that are much larger than
those possible at zero B.
Nonlinearity of the piezoresistive response outside a
narrow range of strain limits the usefulness of the in-field
strain gauge to applications in which only small defor-
mation is present. One can extend the measurable strain
range by employing a technique inspired by Michelson
interferometry. As seen in Fig. 2(a), the resistance os-
cillates periodically with strain in a fixed magnetic field
(see also [11]). These periodic oscillations, which are easy
to detect thanks to the large (∼ 20) ratio of maximum to
minimum ρ, allow one to accurately measure very large
strains just by counting the number of oscillations.
We have shown that a combination of confinement and
magnetic field leads to a giant piezoresistive response
in AlAs 2DESs at low temperatures. This effect may
find important applications. Indeed, the gauge factor of
56,000 is large enough to detect nanometer elongations of
a centimeter-long sample by a simple multimeter. With
improved sample quality, the gauge factor can be fur-
ther increased at both zero and high magnetic fields. At
B = 0, one can achieve a higher gauge factor by further
lowering the density of the 2DES. At high B, the 2DES
can undergo a strain-induced transition from a quantum
Hall state (with nearly zero resistance) to a very high re-
sistance neighboring (insulating) state, with a very high
resistance, leading to an even larger piezoresistance ef-
fect. One-dimensional confinement, such as in a ballistic
quantum point contact [15], could also result in large
gauge factors; the resistance of the point contact can
be extremely sensitive to the number of occupied one-
dimensional channels and therefore the valley occupancy.
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